likely root for the FLE, a more recent account does not regard capture or movements of the attentional focus as causal elements, but proposes that the observer's attentional set contributes to the modulation of perceptual latencies involved in that alignment task. In fact, there is empirical evidence suggesting that attentional mechanisms would also be involved in the Fro« hlich effect (Mu« sseler and Aschersleben 1998; Kirschfeld and Kammer 1999) and the representational momentum (Hayes and Freyd 2002; Kerzel 2003) , as well as in the FLE itself [Krekelberg et al 2000 (Eagleman and Sejnowski's reply); , which seem to be perceptual phenomena possibly sharing a common underlying mechanism (Mu« sseler et al 2002) .
The purpose of the present work was to advance the analysis of the role of voluntary attention in shaping the FLE, attempting to fulfill some significant gaps left uncovered by previous works (Baldo and Klein 1995; Baldo et al 2000; Khurana et al 2000; . In experiment 1, we expanded and refined our previously employed methodological procedure to examine the effect of spatial predictability on the FLE . In experiment 2, by means of a standard cueing procedure (Posner 1980; Posner et al 1980) , we measured the magnitude of the FLE under different conditions of attentional focusing. The utilisation of these distinct procedures allowed the comparison between the influence, on the FLE, of different schemes of attentional manipulation.
Experiment 1
In experiment 1 we compared three experimental conditions differing mainly with respect to the spatial predictability of the location of the flashing stimulus. A highly predictable condition (fixed condition), in which the flashing stimulus was presented at the same location throughout the experimental session, could be compared with a less predictable condition (random condition), in which, from trial to trial, the location of the flashing stimulus was randomly chosen from two possibilities. The benefits of advance information about stimuli have been termed perceptual set effects (Pashler 1998) , and the manipulation of the spatial probability structure of the visual environment can also be used to guide the prior knowledge about stimulus location (Sperling and Dosher 1986) . Therefore, an implicit assumption underlying experiment 1 is the existence of a monotonic relationship between the spatial probability of the flashing stimulus and the attentional set of the observer.
However, higher and lower probability locations are not comparable to each other with respect to the possibility of a sensory facilitation. Because repeated presentation of the flashing stimulus occurs more often at higher-probability locations, it would be possible that a temporally local facilitation, such as position priming, could occur (Sperling and Dosher 1986; Ciaramitaro et al 2001) . Therefore, we attempted to uncouple spatial predictability (assumed also as a monotonic increasing function of spatial probability) and spatial recurrence, while holding constant the remaining psychophysical features of the flashing stimuli. This was achieved by introducing a third condition of stimulus presentation (alternate condition), in which the flashing stimulus was predictably presented at one of two regularly alternating locations throughout an experimental session. Whereas fixed and alternate conditions possessed identical spatial predictabilities, but different spatial and temporal features, the random condition exhibited, on average, the same spatial and temporal features assigned to the alternate condition, but a lower spatial predictability than either fixed or alternate conditions. 2.1 Methods 2.1.1 Stimuli and apparatus. The stimulus (figure 1) was a pair of dots, 2 deg apart in the visual field, rotating clockwise at 36 rev min À1 (216 deg s À1 ) about the fixation point (FP). Another dot was flashed at either the right or the left visual hemifield, at an eccentricity of 2.28. The rotating and flashing dots subtended a visual angle of 0.1 deg and 0.2 deg, respectively. The luminance of all dots was 20 cd m À2 , displayed on a dark background. Stimuli were generated on a 486-based PC and rendered on a Sony Multiscan 19 sf II monitor with a 60 Hz vertical refresh rate. A chin-rest was used to maintain a constant binocular viewing distance of 57 cm. The experiments were conducted in a dimly lit room with eye movements being monitored by a video camera.
2.1.2 Design and procedure. After initiating a trial by pressing a key on the keyboard, participants fixated on the FP (centre of the display), and the moving dots started rotating about the FP. The whole experiment was composed of four blocks of randomly ordered sessions, in which the design differed by only the spatial presentation of the flashing dot. Only one condition (fixed, alternate, or random) was represented in each block. (i) Fixed condition (two blocks): The flashing dot was always presented at the right hemifield throughout one block of trials and at the left hemifield throughout another block.
(ii) Alternate condition (one block): The location of the flashing dot predictably alternated between right and left hemifields from trial to trial. (iii) Random condition (one block): The location of the flashing dot (either right or left hemifield) was randomly chosen from trial to trial.
The task, in all three conditions, was to judge the location of the rotating dots in relation to the imaginary line connecting the flashing dot and the FP, at the moment the dot was flashed. By pressing one of two designated keys on the computer keyboard, this judgment was reported as a perceptual lag or lead of the rotating dots in relation to the flashing dot. A misalignment angle (between the imaginary lines connecting the FP to the flashing and rotating dots) of either 21X6 deg (100 ms) or À21X6 deg (À100 ms) was randomly chosen for presentation on the first trial. The next trial was started immediately after a response key had been pressed, with each successive presentation angle chosen by means of an adaptive method, namely, the PEST algorithm (Taylor and Creelman 1967 ). The run was ended when it reached a minimum of 15 reversals and the step size had decreased below 7.2 deg (33.3 ms). The choice of an adaptive method was intended to confirm and extend previous findings in which we employed the method of constant stimuli to assess the modulation of the FLE by an identical manipulation of the spatial probability structure of the visual environment . 
Data analysis.
The threshold (the angle of perceptual misalignment) was computed for every participant and each condition separately. A perceptual lead (lag) of the moving stimulus in relation to the flashing stimulus was converted to a temporal measure and conventionally expressed as positive (negative) values. These measures were entered into a one-way repeated-measures analysis of variance (ANOVA) with stimulus presentation (fixed, alternate, or random) as the only factor, followed by pairwise comparisons (Tukey's HSD test). The significance level was set at 5%. Figure 2 displays the mean magnitude of the FLE obtained in all three conditions of experiment 1. Since no statistically significant difference was found in the fixed condition, between right and left sides of presentation of the flashing dot ( p 0X475), a grand mean for this condition was calculated by averaging over the two situations. Repeated measures (ANOVA) revealed a main effect for the stimulus presentation factor (F 2 30 4X60, p 0X018). Pairwise comparisons showed that the magnitude of the FLE observed in the random condition was significantly greater than the magnitudes found in both fixed and alternate conditions ( p 0X039 and p 0X030, respectively). No significant difference was found between the FLE magnitudes observed in the fixed and alternate conditions ( p 0X993).
Results and preliminary discussion
According to our main assumption, the spatial predictability of the flashing dot is related to the observer's attentional set. Therefore, under the condition of lower predictability (random condition) observers could not attend to the location of appearance of the flashing dot in a manner as efficient as that allowed by the conditions of higher predictability (fixed and alternate conditions). If the effect brought about by the higher spatial predictability of the flashing dot were, in fact, the result of a mere sensory facilitation, we should expect that the alternate condition (leading to a statistical distribution of presentation times identical to that obeyed by the random condition) would yield an FLE magnitude significantly greater than that observed in the fixed condition. However, we found no significant difference between the results of fixed and alternate conditions, in agreement with the fact that both conditions share the same degree of spatial predictability. These findings support the view according to which the manipulation of the observer's prior knowledge of the spatial probability structure allowed a reallocation of spatial attention, thus modulating the perceptual sensitivity related to this alignment task.
However, the three conditions in experiment 1 were run in separate blocks, possibly leading to differences regarding the cognitive effort demanded by each condition. For instance, volunteers reported that the alignment judgment was an easier task during the fixed condition in comparison with the alternate condition, in which the observer's attentional`focus' had to alternate back and forth, throughout the entire session, between the two locations of appearance of the flashing dot. Moreover, changes in expectancies might induce not only a corresponding change in the observer's attentional set, but also a change in decisional criteria (Sperling and Dosher 1986) . Therefore, to assure that we were dealing with an attentional manifestation, we turned to a standard cueing procedure, in which the effects of valid and invalid cues were intermingled throughout the same block of trials (experiment 2).
Experiment 2
Experiment 2 assessed the magnitude of the FLE under an explicit manipulation of voluntary attention. By means of a cueing procedure (Posner 1980; Posner et al 1980) , participants were instructed to attend to the visual hemifield indicated by a symbolic cue (a small arrow close to the FP). The cued location was the most likely site for the presentation of the flashing dot, whose location was the reference to which the relative position of the moving dots had to be judged (figure 3). Throughout every session in experiment 2, the perceptual task was performed under a homogeneous cognitive set, with the observer required to shift covertly his or her attention on every trial, according to the respective symbolic cue.
3.1 Methods 3.1.1 Stimuli and apparatus. The experimental apparatus and visual stimulation were identical to those employed in experiment 1. The only difference was the use of a cueing procedure in directing attention (instead of the spatial probability structure of the visual environment) by means of a small arrow presented close to the FP (figure 3).
3.1.2 Design and procedure. Every trial was initiated with the appearance of the FP at the centre of the display along with an arrow pointing either to the right or to the left hemifield (figure 3). Participants were instructed to fixate their gaze on the FP, orient their attention to the hemifield indicated by the arrow, and, by pressing a key on the keyboard, allow the moving dots to start rotating about the FP (with the arrow then removed from the visual field). In 80% of the trials, the arrow indicated the correct location of appearance of the flashing dot (valid condition), the opposite being true in the remaining 20% of the trials (invalid condition). The flashing dot was presented between 3 and 5 s after the removal of the arrow. The presentation hemifield (either left or right) was chosen at random on each trial with equal probability.
The task was exactly the same as in experiment 1, with the next trial starting immediately after a response key had been pressed. The PEST algorithm (Taylor and Creelman 1967) was again employed with the same parameters previously used in experiment 1. Two interleaved staircases, one for each cueing condition separately, were run in parallel throughout each experimental session. The run was ended when, for both staircases, a minimum of 15 reversals were reached, and the step size decreased below 7.2 deg (33.3 ms). The whole experiment was composed of two identical sessions, run on different days, with the first session being used only for training purposes and not included in the statistical analysis.
3.1.3 Participants. Nine students from University of Sa¬ o Paulo, na|« ve with respect to the particular hypothesis being tested, and one of the authors (JN), participated as volunteers. All participants, with ages between 20 and 29 years, reported normal or corrected-tonormal vision. The experimental procedure was reviewed and approved by the Human Subjects Research Committee, Institute of Biomedical Sciences, University of Sa¬ o Paulo.
3.1.4 Data analysis. The threshold was computed for every participant and each cueing condition separately. A perceptual lead or lag of the moving stimulus in relation to the flashing stimulus was again converted to a temporal measure and expressed as positive or negative values, respectively. The results obtained under both cueing conditions were compared by the Student t-test. The significance level was set at 5%. Figure 4 shows the mean FLE magnitude obtained under both valid and invalid cueing conditions. A statistically significant difference was found between these conditions ( p 0X001), in the direction predicted by an account based on the attentional modulation of the FLE (Baldo and Klein 1995; Baldo et al 2000; .
Results and preliminary discussion
The present results are in disagreement with those previously reported by Khurana and colleagues (2000), in which a similar cueing procedure was employed to manipulate visual attention. Those authors did not observe any attentional effect on the magnitude of the FLE. Conceivable sources for these conflicting results include at least two possibilities. Figure 3 . The visual stimuli utilised in experiment 2, which was identical to that in experiment 1 except for the use of a symbolic cue (small arrow) close to the fixation point (FP). In 80% of the trials, the arrow indicated the correct location of appearance of the flashing dot (valid condition), the opposite being true in the remaining 20% of the trials (invalid condition). In each trial the flashing dot was randomly presented at either the right or the left hemifield with equal probability.
First, in their experiment 2 (Khurana et al 2000) attention was cued by means of an arrow presented 100 ms prior to the flash; yet, a stimulus onset asynchrony as short as 100 ms between a valid central cue and a target stimulus has been shown to be virtually ineffective (Mu« ller and Rabbitt 1989; Egeth and Yantis 1997; Riggio and Kirsner 1997) . In the present study (experiment 2), we employed a stimulus onset asynchrony between 3 and 5 s. Since sustained attention is generally fully present by about 400 ms after the presentation of the cue, remaining for as long as the observer maintains concentration (or until a new stimulus appears in the visual field), the procedure adopted in experiment 2 constitutes an adequate way to assess the modulatory effect of voluntary attention on the magnitude of the FLE (Mu« ller and Rabbitt 1989; Egeth and Yantis 1997; Riggio and Kirsner 1997) .
Second, Khurana et al (2000) could not find, in their experiment 3, a significant shift in the psychometric function measuring the FLE whereas a concurrent reduction in reaction times (RTs) was taken as evidence of an effective attentional cueing; however, several dissociations have been reported between RTs and discrimination tasks, such as temporal-order judgments (TOJs), with RTs being more sensitive than TOJs to several psychophysical features, including attentional allocation (Tappe et al 1994; Jaskowski 1996; Jaskowski and Verleger 2000) . Such a dissociation may offer a likely explanation for their failure in observing an attentional influence on the FLE in a psychophysical procedure confounding RTs and spatial-localisation tasks.
General discussion
In the standard FLE, a moving stimulus is perceived as leading a briefly flashed stimulus when both stimuli happen to be mutually aligned in space and time. Nijhawan, who rediscovered this perceptual phenomenon (Nijhawan 1994) , conjectured that the visual system would use the predictability inherent in the trajectory of a moving stimulus to extrapolate its future location. This perceptual extrapolation would thus compensate for the spatial lag introduced by processing latencies throughout the visual pathways. Since then, several alternative models have been proposed in order to account for the FLE (Baldo and Klein 1995; Khurana and Nijhawan 1995; Lappe and Krekelberg 1998; Purushothaman et al 1998; Whitney and Murakami 1998; Brenner and In the present work, we have extended empirical findings which show the influence of voluntary attention on the FLE magnitude, by means of two different experimental procedures: altering the probability structure of a visual stimulus (experiment 1) and employing a cueing procedure (experiment 2). In experiment 1, we manipulated the spatial probability structure of the visual environment (Sperling and Dosher 1986) , with the flashing stimulus being presented under two different levels of spatial predictability: high predictability (fixed and alternate conditions) and lower predictability (random condition). The alternate condition was introduced in order to evaluate the possibility of a temporally local facilitation, such as position priming, brought about by a greater presentation frequency in the situation of higher spatial probability. Since no significant difference was found between the outcomes of the fixed and alternate conditions, despite their structural difference regarding the average presentation time of the flashing stimulus, we are led to believe that a temporally local facilitation is not a significant factor underlying the present findings. Moreover, the FLE magnitudes obtained under both fixed and alternate conditions were significantly smaller than that observed in the random condition, which obeys the same statistical distribution of presentation times for the flashing dot as that assigned to the alternate condition. We interpret these findings as a modulatory effect of the observer's attentional set on the delays related to the perceptual processing of the flashing dot. It has been widely shown, in both humans and nonhuman primates, that the accuracy and the speed involved in evaluating a visual stimulus can be influenced by prior knowledge about its probable location of appearance (Posner 1978; Posner et al 1980; Hawkins et al 1990; Luck et al 1994; Witte et al 1996; Carrasco and McElree 2001; Ciaramitaro et al 2001) . In fact, our findings only confirm and extend the modulatory participation of voluntary attention to the realm of the FLE.
However, since experiment 1 in the present work dealt with the spatial probability structure of the visual stimulus in a blocked design, a potential criticism could be stated as to the possibility of changes in the observer's decisional criteria, rather than a genuine modulation of the observer's attentional set. For that reason, we set up experiment 2, in which the manipulation of voluntary attention was achieved by means of a standard cueing procedure (Posner 1980; Posner et al 1980) . With a validity of 80%, a symbolic cue indicated the location of appearance of the flashing dot. Valid and invalid trials were intermingled throughout the same experimental session, thus demanding exactly the same perceptual task on each and every trial. Decisional criteria were most likely kept invariant in this procedure, in contrast to that employed in experiment 1. However, consistently with experiment 1, in experiment 2 we also identified a significant effect of cueing validity on the magnitude of the FLE, which we interpreted as clear evidence of the modulatory influence of voluntary attention on the FLE.
Therefore, attentional mechanisms should be seen not as the primary cause of the FLE, but rather as an important component of a broader process whose spatiotemporal dynamics engenders the FLE and possibly other related phenomena. According to this view, the FLE should not disappear even when attention is firmly focused on the target stimulus since the fundamental reasons for the production of this perceptual effect are rooted in the basic spatiotemporal features of sensory processing, which would still be in action. The modulatory influence of attention on these temporal features is possibly also relevant to other perceptual phenomena related to the FLE, such as the Fro« hlich effect and the representational momentum (Mu« sseler and Aschersleben 1998; Kirschfeld and Kammer 1999; Eagleman and Sejnowski 2000; Hayes and Freyd 2002; Mu« sseler et al 2002; Whitney 2002; Kerzel 2003) which could be thought of as a set of phenomena sharing at least some basic underlying mechanisms.
In spite of the fact that the present results are in disagreement with those experimentally observed by Khurana and colleagues (2000) , our findings do not counter their theoretical proposal, namely the motion-extrapolation hypothesis. Actually, the influence of attentional constraints on the FLE, a modulating rather than the causing factor, is an empirical observation that should be accommodated by any account attempting to explain the perceptual mechanisms leading to the FLE. In this sense, the present results do not offer, per se, elements either to strengthen or to disprove any competing mechanism currently invoked to explain this perceptual effect, such as motion extrapolation, differential latencies, temporal averaging, or postdiction (Nijhawan 1994; Khurana and Nijhawan 1995; Purushothaman et al 1998; Whitney and Murakami 1998; Eagleman and Sejnowski 2000; .
If we look carefully to the physiological basis of sensory processing, we find that perceptual latencies may depend, at least, on two components: a transmission latency (the time taken by afferent signals to travel along vertical sensory pathways) and an activation latency (the time required for a given circuitry to reach a given threshold of neural activity). According to this view, a preceding, subthreshold, facilitation of visual neurons provided by top^down projections could bring a given circuitry closer to its activation threshold, thus contributing to a shortening of the overall perceptual latency (for instance, the latency involved in the perception of a highly predictable stimulusö a flashötaking part in a spatial-localisation task). A previous top^down facilitation of sensory neurons would thus correspond to the allocation of attentional resources to a given region of the visual field. This view is consistent with psychophysical and electrophysiological findings concerning the focusing of voluntary attention Hawkins et al 1990; Luck et al 1994; Witte et al 1996; Carrasco and McElree 2001; Ciaramitaro et al 2001) .
Whereas such a mechanism may account for the observed attentional modulation of the FLE, the very origin of the FLE cannot be explained on the basis of attentional processes (Khurana and Nijhawan 1995; Khurana et al 2000) and calls for other physiological roots. A likely candidate would be the spatial and temporal interactions carried out by lateral connections: a moving stimulus would trigger a coherent spatiotemporal summation along a row of neurons corresponding to the motion pathway (Berry et al 1999) . The action of facilitatory lateral connections between successive layers in a given network would thus lead to a shortening of activation latencies involved in the perception of motion. This mechanism may explain not only the standard FLE, in which a flash is presented adjacent to an object in continuous motion, but also the flashinitiated cycle, in which both flashed and moving stimuli are simultaneously presented (Khurana and Nijhawan 1995) . Accordingly, although the moving stimulus also comes on abruptly at an unpredictable time, a spatiotemporal summation carried out by the recruitment of neurons along the path of motion would be induced soon after the movement initiation. This spatiotemporal facilitation would shorten the time delay in building up a neural activation corresponding to the perception of the moving stimulus (in comparison with the perception of the flash), thus leading to the FLE.
It is worth noting that the above description closely resembles the extrapolation account originally proposed by Nijhawan (1994) . According to his explanation, the visual system compensates for neural delays`spatially' on the basis of past input from the moving item (Nijhawan 1994; Khurana and Nijhawan 1995; Khurana et al 2000) . In this sense, the motion extrapolation and differential latencies accounts would differ from each other solely in minor semantic aspects (Nijhawan 2002) . It is quite conceivable and indeed desirable that, as experimental results are accumulated and conceptual models become refined, competing theories may eventually either merge or disappear.
Conclusion
The present results show a manifest modulatory influence of visual attention on the magnitude of the FLE. Even though we opted for an account based on the influence of attention on perceptual latencies, our empirical findings are not committed to any current theoretical explanation of the FLE and should be accommodated by every attempt to spell out this perceptual phenomenon.
